FOCUS
T he supplementary motor area (SMA) is an eloquent area that plays an important role in the moving, planning, and learning of complicated actions, as well as the initiation of speech in the dominant hemisphere. The SMA is located in Brodmann area 6 and is defined by a single cortical field anterior to the leg representation of the primary motor cortex (PMC) along the medial aspect of the cerebral hemisphere down to the cingulate sulcus. 16, 19 The SMA is composed of the SMA proper and the pre-SMA. The SMA proper is involved in planning, initiating, and coordinating complicated actions and in helping to maintain an erect posture, whereas the pre-SMA is involved in the cognitive aspects of complicated actions. 6, 7 The SMA has a high frequency of brain tumors, including up to 10% of de novo glioblastomas and 27% of lowgrade gliomas. 4 Thus, the SMA is often a surgical target for tumor removal, and brain surgery in this area can lead to SMA syndrome. This syndrome was first reported to involve contralateral transient akinesia and mutism when the lesion was in the dominant hemisphere. 11, 12 Resections of the SMA can cause immediate postoperative motor and speech deficits, which can resolve spontaneously and completely within days to months. 2, 5 Thus, it is important for neurosurgeons to determine the anatomical and functional limits of an SMA resection and to identify SMA syndrome and monitor its course of recovery. However, the mechanism of recovery of SMA syndrome is poorly understood, although the contralateral SMA is thought to complement the function of the affected SMA.
1 Interestingly, Vassal et al. reported evidence of plasticity of the SMA, with large-scale modifications of the sensorimotor network, suggesting that interhemispheric connectivity may correlate with SMA syndrome recovery. 18 In the present study, we hypothesized that interhemispheric connectivity of the PMC in one hemisphere with the contralateral SMA may play an important role in the recovery from SMA syndrome and that cortical fiber connections of the SMA may be associated with SMA syndrome recovery. To examine this hypothesis, we assessed preoperative diffusion tensor imaging (DTI) tractography (DTT) to determine the number of fibers extending from the contralateral SMA to the ipsilateral PMC, as well as the postoperative course of SMA syndrome, in patients with SMA syndrome following tumor removal.
Methods

Patients
Patients referred to neurological surgery from 2014 to 2016 were retrospectively analyzed for this study. All patients were confirmed to have brain tumor involving the unilateral SMA, without involvement of the PMC, and a diagnosis of SMA syndrome in the postoperative period. Informed consent was obtained from all individual participants included in this study.
Clinical Evaluation
For all patients, complete neurological examinations had been performed by 3 neurosurgeons preoperatively, immediately after surgery, 24 hours after surgery, and 3 months after surgery. Neurological examinations included consciousness, speech abilities, handedness, and manual muscle testing of both the upper and lower extremities. Manual muscle testing was performed as described in Daniels and Worthingham's Muscle Testing. 
Magnetic Resonance Imaging
Magnetic resonance imaging was performed preoperatively and at 24 hours and 3 months after surgery. Images were acquired on a modified Siemens Magnetom Skyra 3-T scanner (Siemens Healthcare), including a DTI sequence using dual echo-planar imaging (axial slices 40, TR 15,000 msec, TE set to minimum, slice thickness 3.5 mm, matrix 160 × 160, FOV 24 cm 2 , b values = 0 and 1000 sec/mm 2 applied in 16 noncollinear directions, scan time 4 minutes and 30 seconds).
Preoperative DTT Analysis
Diffusion tensor imaging tractography analysis using DTI data was performed with a surgical navigation system (StealthStation S7, Medtronic). Standard deterministic streamline DTT was performed with StealthViz software (Medtronic) using a fractional anisotropy threshold of 0.2 and a DTI maximum turning angle of 100°. Using DTT fiber data, we assessed the number of fibers between two distal seed regions of interest (ROIs) that started from the contralateral SMA and projected to the ipsilateral PMC via the corpus callosum. These ROIs were identified on MRI using the method described by Berger et al. 3 All streamlines passing through the ROIs were retained. No additional tract editing was performed. As DTT analysis involves tracking the voxels of water diffusion signal, we defined these voxel numbers as NFidx (number of fiber tracts) and counted the number of target fibers.
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Preoperative and Postoperative MRI Analysis
Volumetric assessment of tumors on both preoperative and postoperative scans was performed manually using StealthViz software (Medtronic).
Surgical Procedures
Intraoperative brain mapping by cortical electrical stimulation was performed during surgery to detect and preserve the PMC, while direct subcortical stimulation was performed to preserve the pyramidal tract pathway. 20, 21 In all cases, the SMA was gross totally resected. Total resection was confirmed by postoperative radiological studies.
Statistical Analysis
Patients were divided into those who recovered from SMA syndrome in ≤ 7 days after surgery (early recovery group) and those who recovered in ≥ 8 days after surgery (late recovery group). Differences between the two groups were assessed using the Student t-test and the chi-square test. Statistical significance was defined as p < 0.05. All statistical analyses were performed using the Excel statistical software package (Ekuseru-Toukei 2015, Social Survey Research Information Co., Ltd.).
Results
Characteristics of the Study Patients
Eleven patients (10 men, 1 woman; 41-76 years of age) were included in this study. All patients were right-handed. Five patients had a tumor in the right hemisphere and 6 patients in the left hemisphere. Five lesions were in the pre-SMA, located anterior to the SMA proper. On admission, 2 patients had motor aphasia and 9 had unilateral focal motor seizures. Only 1 patient had motor deficit at the beginning of the clinical course (Table 1) .
DTT Streamline and NFidx
In all cases, the target streamlines, which started from the contralateral SMA and projected to the ipsilateral PMC, were found in each DTT analysis. Sagittal, coronal, and axial DTT images from case 1 are shown in Fig.  1A -C. Merging of these 3 images is shown in Fig. 1D . The target streamline in the 3D images is shown in Fig.  1E . The NFidx was counted, with a range of 3449-11,767 (Table 1) .
Surgical Procedures and Clinical Evaluation
At surgery, all cases underwent total resection of the tumor and SMA, which was confirmed by postoperative enhanced MRI. The mean preoperative tumor volume ranged from 15.4 to 77.0 cm 3 . All tumors were histologically confirmed after each surgery. Five cases were confirmed as glioblastoma, 3 as low-grade glioma, 2 as metastasis from lung carcinoma, and 1 as malignant lymphoma (Table 1) . Immediately after surgery, all patients exhibited severe motor deficits in the contralateral extremities. Postoperative diffusion-weighted MRI revealed no evidence of postoperative stroke. After surgery, patients were treated with appropriate therapy, including steroids and antihydropic agents. In the postoperative period, the motor deficits improved in all cases, ultimately reaching preoperative levels. The period of recovery from SMA syndrome ranged from 5 to 30 days. After the recovery from motor deficits, no cases showed new neurological deficits up to 3 months after surgery. The pre-and postoperative MR images in case 1 are shown in Fig. 2 .
Univariate Analysis
We compared basic characteristics between the early recovery group and late recovery group. There were no differences in age, sex, affected hemisphere, or tumor location between the groups. However, there were significant differences in the mean tumor volume (early 27.87 vs late 50.91 cm (Table 2) . Fisher exact test showed a significant difference in the days of recovery from SMA syndrome between patients with an NFidx < 8000 and those with an NFidx > 8000 (Table 3) .
Discussion
The aim of the present study was to identify the connectivity between two distal seed ROIs using DTT in SMA syndrome patients and to evaluate its clinical course. The extent of postoperative motor deficit is considered to be related to the extent of SMA resection since SMA syndrome is observed in all cases of total SMA removal but is not observed in cases of partial removal. 2 Other studies have also reported that motor deficit occurs more frequently GBM = glioblastoma multiforme; LE = lower extremity; LGG = low-grade glioma; Malg = malignant lymphoma; SMAS = SMA syndrome; UE = upper extremity. In all cases, the postoperative tumor volume was 0 cm 3 , resection percentage was 100%, and SMA resection was total.
when the resection extends into the caudal SMA. 10, 22 Thus, in the present study, we selected cases with total SMA resection. In one of our cases, a postoperative speech disorder involved transient aphasia, followed by continuous improvement in speech fluency, similar to that reported in Sailor et al. 17 It has been suggested that only the dominant-hemisphere SMA is involved in language function, 15 although we had only one case with postoperative transient aphasia despite total SMA resection in the dominant hemisphere. Resection of the SMA in the nondominant hemisphere has also been reported to cause speech dysfunction. 13 Thus, the mechanism of transient motor aphasia in SMA syndrome remains unclear. Interestingly, the main symptoms after surgery were seizures and almost no deficit among all patients. Because of the very different histologies, it would seem that the severity of some seizures was related to the amount of time a patient had experienced symptoms. Further investigations are needed to validate the symptomatic relationships.
Target Connections
We successfully identified the target connections traversing from the contralateral SMA to the ipsilateral PMC area via the corpus callosum in each DTT analysis. Interhemispheric connectivity is both inversely correlated with preoperative deficit and positively correlated with postoperative recovery from SMA syndrome. 14, 18 Our data also suggest that the SMA on the unaffected side may contribute to the sensorimotor network and actual connectivity, as a substitute for the resected SMA. To our knowledge, this is the first DTT study to identify interhemispheric connectivity of the SMA in patients with brain tumors.
However, anatomical analysis of these connections has not been reported, and further studies examining the neural fibers connecting these regions are required to support our hypothesis.
Tumor Volume and NFidx Findings
In the present study, the mean tumor volume was significantly larger in the late recovery group than in the early recovery group. To the best of our knowledge, there are no previous reports about the correlation between tumor volume and severity of postoperative SMA syndrome. Our findings suggest that a larger tumor size may prolong the recovery from postoperative SMA syndrome, and this may occur because of postoperative perifocal edema or postoperative motor seizures by surgical stimulation of the PMC area. We also found that the mean NFidx was significantly higher in the early recovery group than in the late recovery group. Furthermore, the Fisher exact test showed that the NFidx can be divided at 8000 to identify the early recovery (within 7 days) and late recovery (more than 8 days) periods. These data suggest that NFidx may contribute to the recovery from postoperative SMA syndrome. Previous functional MRI studies have reported an increase in interhemispheric connectivity between the primary sensorimotor cortex ipsilateral to tumor and the contralateral SMA, simultaneous with motor recovery. 18 Our data also suggest that the extent of fiber connection is related to the recovery from SMA syndrome.
Study Limitations
There are some limitations to our study. First, deterministic DTI-based tractography is not a state-of-the-art technique and cannot resolve fiber crossings within image voxels. Second, there is a potential confounding effect of perilesional edema in DTT performed in proximity to tumors given that interstitial edema can blur DTI data and thus terminate fiber tracking. Interestingly, the two patients with the lowest NFidx had glioblastoma, which typically exhibits marked perilesional edema and thus is likely to interfere with the tracking procedure. Furthermore, DTT may also be affected by infiltration. The confounding effect of perilesional edema could be caused by tumor infiltration. Thus, as we mentioned above, in comparison to low-grade lesions, the fiber tract integrity around highgrade lesions or glioblastoma is disturbed, possibly only allowing for suboptimal estimation of the connectivity. Further investigations are needed to validate the relationships between the infiltrative zone and the reliability of fiber analysis. Finally, it is possible that the postoperative motor deficits were unrelated to the postoperative SMA syndrome, but rather were associated with other causes, such as postoperative edema of the PMC area.
Conclusions
We performed the first DTT analysis to identify interhemispheric connectivity of the SMA in patients with brain tumors and found a statistical relationship between the extent of fiber connections and clinical recovery from SMA syndrome. These findings may be useful for the future prediction of recovery from SMA syndrome and suggest a relationship between cortical fiber connections of the SMA and the degree of deficit in SMA syndrome. Further studies examining microanatomical fiber connectivity are required. Significant difference in the days of recovery from SMA syndrome between patients with an NFidx > 8000 and those with an NFidx < 8000 (p = 0.0152, Fisher exact test).
